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Abstract: There is increasing observational evidence that short and long Gamma-ray bursts (GRBs)
originate in different subclasses, each one with specific energy release, spectra, duration, etc, and all of
them with binary progenitors. The binary components involve carbon-oxygen cores (COcore), neutron
stars (NSs), black holes (BHs), and white dwarfs (WDs). We review here the salient features of the specific
class of binary-driven hypernovae (BdHNe) within the induced gravitational collapse (IGC) scenario for
the explanation of the long GRBs. The progenitor is a COcore-NS binary. The supernova (SN) explosion of
the COcore, producing at its center a new NS (νNS), triggers onto the NS companion a hypercritical, i.e.,
highly super-Eddington accretion process, accompanied by a copious emission of neutrinos. By accretion
the NS can become either a more massive NS or reach the critical mass for gravitational collapse with
consequent formation of a BH. We summarize the results on this topic from the first analytic estimates in
2012 all the way up to the most recent three-dimensional (3D) smoothed-particle-hydrodynamics (SPH)
numerical simulations in 2018. Thanks to these results it is by now clear that long GRBs are richer and
more complex systems than thought before. The SN explosion and its hypercritical accretion onto the NS
explain the X-ray precursor. The feedback of the NS accretion, the NS collapse and the BH formation
produce asymmetries in the SN ejecta, implying the necessity of a 3D analysis for GRBs. The newborn
BH, the surrounding matter and the magnetic field inherited from the NS, comprises the inner engine from
which the GRB electron-positron (e+e−) plasma and the high-energy emission are initiated. The impact
of the e+e− on the asymmetric ejecta transforms the SN into a hypernova (HN). The dynamics of the
plasma in the asymmetric ejecta leads to signatures depending on the viewing angle. This explains
the ultrarelativistic prompt emission in the MeV domain and the mildly-relativistic flares in the early
afterglow in the X-ray domain. The feedback of the νNS pulsar-like emission on the HN explains the
X-ray late afterglow and its power-law regime. All of the above is in contrast with a simple GRB model
attempting to explain the entire GRB with the kinetic energy of an ultrarelativistic jet extending through
all of the above GRB phases, as traditionally proposed in the “collapsar-fireball” model. In addition,
BdHNe in their different flavors lead to νNS-NS or νNS-BH binaries. The gravitational wave emission
drives these binaries to merge producing short GRBs. It is thus established a previously unthought
interconnection between long and short GRBs and their occurrence rates. This needs to be accounted
for in the cosmological evolution of binaries within population synthesis models for the formation of
compact-object binaries.
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1. Introduction
1.1. The Quest for the Binary Nature of GRB Progenitors
We first recall that GRBs have been traditionally classified by a phenomenological division based on
the duration of the time-interval in which the 90% of the total isotropic energy in Gamma-rays is emitted,
the T90. Long GRBs are those with T90 > 2 s and short GRBs the sources with T90 < 2 s [1–5].
In the case of short bursts, rapid consensus was reached in the scientific community that they could
be the product of mergers of NS-NS and/or NS-BH binaries (see e.g., the pioneering works [6–9]). We
shall return on this issue below by entering into the description of their properties and also to introduce
additional mergers of compact-star object binaries leading to short bursts.
For long bursts, possibly the most compelling evidence of the necessity of a binary progenitor comes
from the systematic and spectroscopic analysis of the GRBs associated with SNe, the so-called GRB-SNe,
started with the pioneering discovery of the spatial and temporal concomitance of GRB 980425 [10] and
SN 1998bw [11]. Soon after, many associations of other nearby GRBs with type Ib/c SNe were evidenced
(see e.g., [12,13]).
There are models in the literature attempting an explanation of both the SN and the GRB within the
same astrophysical system. For instance, GRBs have been assumed to originate from a violent SN from
the collapse of a massive and fast rotating star, a “collapsar” [14]. A very high rotating rate of the star is
needed to produce a collimated, jet emission. This traditional picture adopts for the GRB dynamics the
“fireball” model based on the existence of a single ultrarelativistic collimated jet [15–19]. There is a vast
literature devoted to this “traditional" approach and we refer the reader to it for additional details (see,
e.g., [20–25], and references therein).
Nevertheless, it is worth to mention here some of the most important drawbacks of the
aforementioned“traditional” approach and which has motivated the introduction of an alternative model,
based on a binary progenitor, for the explanation of long GRBs:
• SNe Ic as the ones associated with GRBs lack hydrogen and helium in their spectra. It has been
recognized that they most likely originate in helium stars, COcore, or Wolf-Rayet stars, that have lost
their outermost layers (see e.g., [26], and references therein). The pre-SN star, very likely, does not
follow a single-star evolution but it belongs to a tight binary with a compact star companion (e.g.,
a NS). The compact star strips off the pre-SN star outermost layers via binary interactions such as
mass-transfer and tidal effects (see e.g., [26–30]).
• Denoting the beaming angle by θj, to an observed isotropic energy Eiso it would correspond to
a reduced intrinsic source energy released Es = fbEiso < Eiso, where fb = (1− cos θj) ∼ θ2j /2 < 1.
Extremely small beaming factors fb ∼ 1/500 (i.e., θj ∼ 1◦) are inferred to reduce the observed
energetics of Eiso ∼ 1054 erg to the expected energy release by such a scenario ∼1051 erg [31].
However, the existence of such extremely narrow beaming angles have never been observationally
corroborated [32–34].
• An additional drawback of this scenario is that it implies a dense and strong wind-like circumburst
medium (CBM) in contrast with the one observed in most GRBs (see e.g., [35]). Indeed, the average
CBM density inferred from GRB afterglows is of the order of 1 baryon per cubic centimeter [36].
The baryonic matter component in the GRB process is represented by the so-called baryon load [37].
The GRB e+e− plasma should engulf a limited amount of baryons in order to be able to expand at
ultrarelativistic velocities with Lorentz factors Γ & 100 as requested by the observed non-thermal
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component in the prompt Gamma-ray emission spectrum [16–18]. The amount of baryonic mass
MB is thus limited by the prompt emission to a maximum value of the baryon-load parameter,
B = MBc2/Ee+e− . 10−2, where Ee+e− is the total energy of the e+e− plasma [37].
• GRBs and SNe have markedly different energetics. SNe emit energies in the range 1049–1051 erg, while
GRBs emit in the range 1049–1054 erg. Thus, the origin of GRB energetics point to the gravitational
collapse to a stellar-mass BH. The SN origin points to evolutionary stages of a massive star leading
to a NS or to a complete disrupting explosion, but not to a BH. The direct formation of a BH in
a core-collapse SN is currently ruled out by the observed masses of pre-SN progenitors, .18 M [38].
It is theoretically known that massive stars with such a relatively low mass do not lead to a direct
collapse to a BH (see [38,39] for details) .
• It was recently shown in [40] that the observed thermal emission in the X-ray flares present in
the early (rest-frame time t ∼ 102 s) afterglow implies an emitter of size ∼1012 cm expanding at
mildly-relativistic velocity, e.g., Γ . 4. This is clearly in contrast with the “collapsar-fireball” scenario
in which there is an ultrarelativistic emitter (the jet) with Γ ∼ 102–103 extending from the prompt
emission all the way to the afterglow.
Therefore, it seems most unlikely that the GRB and the SN can originate from the same single-star
progenitor. Following this order of ideas, it was introduced for the explanation of the spatial and temporal
coincidence of the two phenomena the concept of induced gravitational collapse (IGC) [41,42]. Two scenarios
for the GRB-SN connection have been addressed: Ruffini et al. [41] considered that the GRB was the
trigger of the SN. However, for this scenario to happen it was shown that the companion star had to be
in a very fine-tuned phase of its stellar evolution [41]. Ruffini et al. [42] proposed an alternative scenario
in a compact binary: the explosion of a Ib/c SN triggering an accretion process onto a NS companion.
The NS, reaching the critical mass value, gravitationally collapses leading to the formation of a BH. The
formation of the BH consequently leads to the emission of the GRB. Much more about this binary scenario
has been discovered since its initial proposal; its theoretical studies and the search for its observational
verification have led to the formulation of a much rich phenomenology which will be the main subject of
this article.
Therefore, both short and long GRBs appear to be produced by binary systems, well in line with the
expectation that most massive stars belong to binary systems (see, e.g., [43,44], and references therein). The
increasing amount and quality of the multiwavelength data of GRBs have revealed the richness of the GRB
phenomenon which, in a few seconds, spans different regimes from X-ray precursors to the Gamma-rays
of the prompt emission, to the optical and X-rays of the early and late afterglow, to the optical emission of
the associated SNe and, last but not least, the presence or absence of high-energy GeV emission. This, in
addition to the multiyear effort of reaching a comprehensive theoretical interpretation of such regimes,
have lead to the conclusion that GRBs separate into subclasses, each with specific energy release, spectra,
duration, among other properties and, indeed, all with binary progenitors [45–49].
1.2. GRB Subclasses
Up to 2017 we had introduced seven GRB subclasses summarized in Table 1. In addition, we have
recently introduced in [50,51] the possibility of a further GRB subclass produced by WD-WD mergers. We
now give a brief description of all the GRB subclasses identified. In [49] we have renominated the GRB
subclasses introduced in [45] and in [50,51], and inserted them into two groups: binary-driven hypernovae
(BdHNe) and compact-object binary mergers. Below we report both the old and the new names to facilitate
the reader when consulting our works prior to [49].
i. X-ray flashes (XRFs). These systems have COcore-NS binary progenitors in which the NS companion
does not reach the critical mass for gravitational collapse [52,53]. In the SN explosion, the binary might
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or might not be disrupted depending on the mass loss and/or the kick imparted [54]. Thus XRFs lead
either to two NSs ejected by the disruption, or to binaries composed of a newly-formed∼1.4–1.5 M NS
(hereafter νNS) born at the center of the SN, and a massive NS (MNS) which accreted matter from the
SN ejecta. Some observational properties are: Gamma-ray isotropic energy Eiso . 1052 erg, rest-frame
spectral peak energy Ep,i . 200 keV and a local observed rate of ρXRF = 100+45−34 Gpc−3 yr−1 [45]. We
refer the reader to Table 1 and [45,47] for further details on this class. In [49], this class has been divided
into BdHN type II, the sources with 1050 . Eiso . 1052 erg, and BdHN type III, the sources with
1048 . Eiso . 1050 erg.
ii. Binary-driven hypernovae (BdHNe). Originate in compact COcore-NS binaries where the accretion
onto the NS becomes high enough to bring it to the point of gravitational collapse, hence forming a BH.
We showed that most of these binaries survive to the SN explosion owing to the short orbital periods
(P ∼ 5 min) for which the mass loss cannot be considered as instantaneous, allowing the binary to keep
bound even if more than half of the total binary mass is lost [55]. Therefore, BdHNe produce νNS-BH
binaries. Some observational properties are: Eiso & 1052 erg, Ep,i & 200 keV and a local observed rate
of ρBdHN = 0.77
+0.09
−0.08 Gpc
−3 yr−1 [45]. We refer the reader to Table 1 and [45,47] for further details on
this class. In [49] this class has been renominated as BdHN type I.
iii. BH-SN. These systems originate in COcore (or Helium or Wolf-Rayet star)-BH binaries, hence the
hypercritical accretion of the SN explosion of the COcore occurs onto a BH previously formed in the
evolution path of the binary. They might be the late evolutionary stages of X-ray binaries such as Cyg
X-1 [56,57], or microquasars [58]. Alternatively, they can form following the evolutionary scenario
XI in [59]. If the binary survives to the SN explosion BH-SNe produce νNS-BH, or BH-BH binaries
when the central remnant of the SN explosion collapses directly to a BH (see, although, [38,39]).
Some observational properties are: Eiso & 1054 erg, Ep,i & 2 MeV and an upper limit to their rate is
ρBH−SN . ρBdHN = 0.77+0.09−0.08 Gpc−3 yr−1, namely the estimated observed rate of BdHNe type I which
by definition covers systems with the above Eiso and Ep,i range [45]. We refer the reader to Table 1
and [45,47] for further details on this class. In [49] this class has been renominated as BdHN type IV.
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Table 1. Summary of the Gamma-ray bursts (GRB) subclasses. This table is an extended version of the one
presented in [49] with the addition of a column showing the local density rate, and it also updates the one
in [45,47]. We unify here all the GRB subclasses under two general names, BdHNe and BMs. Two new
GRB subclasses are introduced; BdHN Type III and BM Type IV. In addition to the subclass name in “Class”
column and “Type” column, as well as the previous names in “Previous Alias” column, we report the
number of GRBs with known redshift identified in each subclass updated by the end of 2016 in “number”
column (the value in a bracket indicates the lower limit). We recall as well the “in-state” representing the
progenitors and the “out-state” representing the outcomes, as well as the the peak energy of the prompt
emission, Ep,i, the isotropic Gamma-ray energy, Eiso defined in the 1 keV to 10 MeV energy range, the
isotropic emission of ultra-high energy photons, Eiso,Gev, defined in the 0.1–100 GeV energy range, and
the local observed rate ρGRB [45]. We adopt as definition of kilonova a phenomenon more energetic than
a nova (about 1000 times). A kilonova can be an infrared-optical counterpart of a NS-NS merger. In that
case the transient is powered by the energy release from the decay of r-process heavy nuclei processed
in the merger ejecta [60–63]. FB-KN stands for fallback-powered kilonova [50,51]: a WD-WD merger can
emit an infrared-optical transient, peaking at ∼5 day post-merger, with the ejecta powered by accretion of
fallback matter onto the newborn WD formed in the merger. The density rate of the GRB subclasses BdHN
III (HN) and BM IV (FB-KN) have not yet been estimated.
Class Type Previous Alias Number In-State Out-State Ep,i (MeV) Eiso(erg) Eiso,Gev (erg) ρGRB (Gpc−3 yr−1)
Binary-driven I BdHN 329 COcore-NS νNS-BH ∼0.2–2 ∼1052–1054 &1052 0.77+0.09−0.08
hypernova II XRF (30) COcore-NS νNS-NS ∼0.01–0.2 ∼1050–1052 − 100+45−34
(BdHN) III HN (19) COcore-NS νNS-NS ∼0.01 ∼1048–1050 − −
IV BH-SN 5 COcore-BH νNS-BH &2 >1054 &1053 .0.77+0.09−0.08
I S-GRF 18 NS-NS MNS ∼0.2–2 ∼1049–1052 − 3.6+1.4−1.0
Binary II S-GRB 6 NS-NS BH ∼2–8 ∼1052–1053 &1052
(
1.9+1.8−1.1
)
× 10−3
Merger III GRF (1) NS-WD MNS ∼0.2–2 ∼1049–1052 − 1.02+0.71−0.46
(BM) IV FB-KN (1) WD-WD NS/MWD <0.2 <1051 − −
V U-GRB (0) NS-BH BH &2 >1052 − ≈0.77+0.09−0.08
We proceed with the short bursts which are amply thought to originate from compact-object binary
mergers (BMs). First, we discuss the traditionally proposed BMs namely NS-NS and/or NS-BH mergers [6–
9,24,64–66]. These BMs can be separated into three subclasses [45,55,67]:
iv. Short Gamma-ray flashes (S-GRFs). They are produced by NS-NS mergers leading to a MNS, namely
when the merged core does not reach the critical mass of a NS. Some observational properties are:
Eiso . 1052 erg, Ep,i . 2 MeV and a local observed rate of ρS−GRF = 3.6+1.4−1.0 Gpc−3 yr−1 [45]. We refer
the reader to Table 1 and [45,47] for further details on this class. In [49] this class has been renominated
as BM type I.
v. Authentic short GRBs (S-GRBs). They are produced by NS-NS mergers leading to a BH, namely when
the merged core reaches the critical mass of a NS, hence it forms a BH as a central remnant [67–69].
Some observational properties are: Eiso & 1052 erg, Ep,i & 2 MeV and a local observed rate of
ρS−GRB =
(
1.9+1.8−1.1
)
× 10−3 Gpc−3 yr−1 [45]. We refer the reader to Table 1 and [45,47] for further
details on this class. In [49] this class has been renominated as BM type II.
vi. Ultra-short GRBs (U-GRBs). This is a theoretical GRB subclass subjected for observational verification.
U-GRBs are expected to be produced by νNS-BH mergers whose binary progenitors can be the outcome
of BdHNe type I (see II above) or of BdHNe type IV (BH-SN; see III above). The following observational
properties are expected: Eiso & 1052 erg, Ep,i & 2 MeV and a local observed rate similar to the one
of BdHNe type I since we have shown that most of them are expected to remain bound [55], i.e.,
ρU−GRB ≈ ρBdHN = 0.77+0.09−0.08 Gpc−3 yr−1 [45]. We refer the reader to Table 1 and [45,47] for further
details on this class. In [49] this class has been renominated as BM type V.
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Besides the existence of the above three subclasses of long bursts and three subclasses of short bursts
in which the presence of NSs plays a fundamental role, there are two subclasses of bursts in which there is
at least a WD component.
vii. Gamma-ray flashes (GRFs). These sources show an extended and softer emission, i.e., they have
hybrid properties between long and short bursts and have no associated SNe [70]. It has been
proposed that they are produced by NS-WD mergers [45]. These binaries are expected to be very
numerous [71] and a variety of evolutionary scenarios for their formation have been proposed [72–75].
GRFs form a MNS and not a BH [45]. Some observational properties are: 1051 . Eiso . 1052 erg,
0.2 . Ep,i . 2 MeV and a local observed rate of ρGRF = 1.02+0.71−0.46 Gpc−3 yr−1 [45]. It is worth noting
that this rate is low with respect to the one expected from the current number of known NS-WD
in the Galaxy [71]. From the GRB observations only one NS-WD merger has been identified (GRB
060614 [76]). This implies that most NS-WD mergers are probably under the threshold of current X
and Gamma-ray instruments. We refer the reader to Table 1 and [45,47] for further details on this
class. In [49] this class has been renominated as BM type III.
viii. Fallback kilonovae (FB-KNe). This is a recently introduced GRB subclass having as progenitors
WD-WD mergers [50,51]. The WD-WD mergers of interest are those that do not produce type Ia SNe
but that lead to a massive (M ∼ 1 M), fast rotating (P ∼ 1–10 s), highly-magnetized (B ∼ 109–1010 G)
WD. Some observational properties are: Eiso . 1051 erg, Ep,i . 2 MeV and a local observed rate
ρFB−KN = (3.7–6.7)× 105 Gpc−3 yr−1 [50,51,77,78]. The coined name FB-KN is due to the fact that
they are expected to produce an infrared-optical transient by the cooling of the ejecta expelled in the
dynamical phase of the merger and heated up by fallback accretion onto the newly-formed massive
WD.
The density rates for all GRB subclasses have been estimated assuming no beaming [45,47,50,51]. The
GRB density rates have been analyzed in [45] following the method suggested in [79].
1.3. The Specific Case of BdHNe
We review in this article the specific case of BdHNe type I and II. As we have mentioned, the
progenitor system is an exploding COcore as a type Ic SN in presence of a NS companion [45,49]. Figure 1
shows a comprehensive summary of the binary path leading to this variety of compact binaries that are
progenitors of the above subclasses of long GRBs and that, at the same time, have an intimate connection
with the short GRBs.
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Figure 1. Taken from Figure 1 in [80]. Binary evolutionary paths leading to BdHNe I (previously named
BdHNe) and II (previously named XRFs) and whose out-states, in due time, evolve into progenitors of short
GRBs. The massive binary has to survive two core-collapse SN events. The first event forms a NS (right-side
path) or BH (left-side path). The massive companion continues its evolution until it forms a COcore. This
simplified evolution diagram which does not show intermediate stages such as common-envelope phases
(see e.g., [53,55], and references therein). At this stage the binary is a COcore-NS (right-side path) or
a COcore-BH (left-side path). Then, it occurs the second SN event which forms what we call the νNS at
its center. We focus in this article to review the theoretical and observational aspects of interaction of this
SN event with the NS companion (BdHNe I and II). We do not treat here the case of a SN exploding in
an already formed BH companion (BdHNe IV). At this point the system can form a νNS-BH/NS (BdHN
I/II) binary (right-side path), or a νNS-BH (BdHN IV) in the (left-side path). The emission of gravitational
waves will make this compact-object binaries to merge, becoming progenitors of short GRBs [55]. We recall
to the reader that S-GRBs and S-GRFs stand for, respectively, authentic short GRBs and short Gamma-ray
flashes, the two subclasses of short bursts from NS-NS mergers, the former produced when the merger
leads to a more massive NS and the latter when a BH is formed [45].
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We emphasize on the theoretical framework concerning the COcore-NS binaries which have been
extensively studied by our group in a series of publications [52,53,55,81–83]. The COcore explodes as SN
producing an accretion process onto the NS. For sufficiently compact binaries, e.g., orbital periods of the
order of few minutes, the accretion is highly super-Eddington (hypercritical) leading to the possibility of
the IGC of the NS once it reaches the critical mass, and forms a BH (see Figure 2).
Collapsing 
CO-core: 
νNS 
Bondi-Hoyle Radius 
SN Ejecta 
Orbital 
Motion 
Neutrinosphere 
Neutron Star 
Accretion 
Shock Radius 
Photon 
Trapping Radius 
Disturbed 
Ejecta 
Convective Instabilities  
In Shocked Region 
Figure 2. Scheme of the induced gravitational collapse (IGC) scenario (taken from Figure 1 in [83]).
The COcore undergoes supernova (SN) explosion, the neutron star (NS) accretes part of the SN ejecta and
then reaches the critical mass for gravitational collapse to a black hole (BH), with consequent emission of
a GRB. The SN ejecta reach the NS Bondi-Hoyle radius and fall toward the NS surface. The material shocks
and decelerates while it piles over the NS surface. At the neutrino emission zone, neutrinos take away most
of the gravitational energy gained by the matter infall. The neutrinos are emitted above the NS surface
that allow the material to reduce its entropy to be finally incorporated to the NS. For further details and
numerical simulations of the above process see [52,53,83].
If the binary is not disrupted by the explosion, BdHNe produces new binaries composed of a new NS
(νNS) formed at the center of the SN, and a more massive NS or a BH companion (see Figure 1).
In the case of BH formation, the rotation of the BH together with the presence of the magnetic
field inherited from the NS and the surrounding matter conform to what we have called the inner
engine of the high-energy emission [84–87]. The electromagnetic field of the engine is mathematically
described by the Wald solution [88]. The above ingredients induce an electric field around the BH which
under the BdHN conditions is initially overcritical, creating electron-positron (e+e−) pair plasma which
self-accelerates to ultrarelativistic velocities and whose transparency explains to the GRB prompt emission
in Gamma-rays. The electric field is also able to accelerate protons which along the rotation axis lead to
ultra high-energy cosmic rays (UHECRs) of up to 1021 eV. In the other directions the acceleration process
lead to proton-synchrotron radiation which explains the GeV emission [84,85]. The interaction/feedback
of the GRB into the SN makes it become the hypernova (HN) [89,90] observed in the optical, powered by
nickel decay, a few days after the GRB trigger. The SN shock breakout and the hypercritical accretion can
be observed as X-ray precursors [52]. The e+e− feedback onto the SN ejecta also produces gamma- and
X-ray flares observed in the early afterglow [40]. The synchrotron emission by relativistic electrons from
the νNS in the expanding magnetized HN ejecta and the νNS pulsar emission explain the early and late
X-ray afterglow [91].
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The article is organized as follows. In Section 2 we summarized following a chronological order the
(1D, 2D and 3D) numerical simulations of BdHNe up to the year 2016, mentioning their salient features. A
detailed explanation of the main ingredients of the calculations (equations of motion, accretion modeling,
NS evolution equations, critical mass, accretion-zone hydrodynamics, neutrino emission and accretion
energy release) can be found in Section 3. The most recent 3D smoothed-particle-hydrodynamics (SPH)
numerical simulations of 2018 are presented in Section 4. Section 5 is devoted to the consequences on these
simulations on the analysis and interpretation of the GRB multiwavelength data. In Section 6 we present
an analysis of the binary gravitational binding of BdHNe progenitors, so it is shown that most BdHNe
type I are expected to be NS-BH binaries. The cosmological evolutionary scenario leading to the formation
of BdHN, their occurrence rate and connection with short GRBs is presented in Section 7.
We show in Table 2 a summary of acronyms used in this work.
Table 2. Acronyms used in this work in alphabetical order.
Extended Wording Acronym
Binary-driven hypernova BdHN
Black hole BH
Carbon-oxygen core COcore
Gamma-ray burst GRB
Gamma-ray flash GRF
Induced gravitational collapse IGC
Massive neutron star MNS
Neutron star NS
New neutron star created in the SN explosion νNS
Short Gamma-ray burst S-GRB
Short Gamma-ray flash S-GRF
Supernova SN
Ultrashort Gamma-ray burst U-GRB
Ultra high-energy cosmic ray UHECR
White dwarf WD
X-ray flash XRF
2. A Chronological Summary of the IGC Simulations: 2012–2016
2.1. First Analytic Estimates
The IGC scenario was formulated in 2012 [81] presenting a comprehensive astrophysical picture
supporting this idea as well as a possible evolutionary scenario leading to the progenitor COcore-NS
binaries. It was also there presented an analytic formula for the accretion rate onto the NS companion on
the basis of the following simplified assumptions: (1) a uniform density profile of the pre-SN COcore; (2)
the ejecta was evolved following an homologous expansion; (3) the mass of the NS (assumed to be initially
1.4 M) and the COcore (in the range 4–8 M) were assumed nearly constant. So, it was shown that the
accretion rate onto the NS is highly super-Eddington, namely it is hypercritical, reaching values of up to
0.1 M s−1 for compact binaries with orbital periods of the order of a few minutes. This estimate implied
that the hypercritical accretion could induce the gravitational collapse of the NS which, in a few seconds,
would reach the critical mass with consequence formation of a BH. A first test of this IGC first model in
real data was soon presented in the case of GRB 090618 [82].
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2.2. First Numerical Simulations: 1D Approximation
The first numerical simulations were implemented in 2014 in [83] via a 1D code including
(see Figure 3): (1) the modeling of the SN via the 1D core-collapse SN code of Los Alamos [92]; (2)
the microphysics experienced by the inflow within the accretion region including the neutrino (ν) emission
and hydrodynamics processes such as shock formation; (3) with the above it was followed by the evolution
of the material reaching the Bondi-Hoyle capture region and the subsequent in-fall up to the NS surface.
Hypercritical accretion rates in the range 10−3–10−1 M s−1 were inferred, confirming the first analytic
estimates and the IGC of the NS companion for binary component masses similar to the previous ones and
for orbital periods of the order of 5 min.
Figure 3. Hypercritical accretion rate onto the NS companion for selected separation distances. The COcore
is obtained with a progenitor star of zero-age main-sequence (ZAMS) mass of 20 M, calculated in [83].
The numerical calculation leads to a sharper accretion profile with respect to the one obtained assuming
homologous expansion of the SN ejecta. Taken from Figure 3 in [83].
The above simulations were relevant in determining that the fate of the system is mainly determined
by the binary period (P); the SN ejecta velocity (vej) and the NS initial mass. P and vej enter explicitly in
the Bondi-Hoyle accretion rate formula through the capture radius expression, and implicitly via the ejecta
density since they influence the decompression state of the SN material at the NS position.
2.3. 2D Simulations including Angular Momentum Transfer
Soon after, in 2015, we implemented in [53] a series of improvements to the above calculations by
relaxing some of the aforementioned assumptions (see Figure 4). We adopted for the ejecta a density
profile following a power-law with the radial distance and evolved it with an homologous expansion. The
angular momentum transport, not included in the previous estimates, was included. With this addition it
was possible to estimate the spin-up of the NS companion by the transfer of angular momentum from the
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in-falling matter which was shown to circularize around the NS before being accreted. General relativistic
effects were also introduced, when calculating the evolution of the structure parameters (mass, radius,
spin, etc) of the accreting NS, in the NS gravitational binding energy, and in the angular momentum
transfer by the circularized particles being accreted from the innermost circular orbit.
One of the most important results of [53] was that, taking into account that the longer the orbital
P the lower the accretion rate, it was there computed the maximum orbital period (Pmax) for which the
NS reaches the critical mass for gravitational collapse, so for BH formation. The dependence of Pmax on
the initial mass of the NS was also there explored. The orbital period Pmax was then presented as the
separatrix of two families of long GRBs associated with these binaries: at the time we called them Family-1,
the systems in which the NS does not reach the critical mass, and Family-2 the ones in which it reaches the
critical mass and forms a BH. It can be seen that the Family-1 and Family-2 long GRBs evolve subsequently
into the concepts of XRFs and BdHNe, respectively.
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Figure 4. Numerical simulations of the SN ejecta velocity field (red arrows) at selected times of the accretion
process onto the NS (taken from Figure 3 in [53]). In these snapshots we have adopted the COcore obtained
from a MZAMS = 30 M progenitor; an ejecta outermost layer velocity v0star = 2× 109 cm s−1, an initial NS
mass, MNS(t = t0) = 2.0 M. The minimum orbital period to have no Roche-lobe overflow is P0 = 4.85 min.
In the left, central and right columns of snapshots we show the results for binary periods P = P0, 4P0, and
10P0, respectively. The Bondi-Hoyle surface, the filled gray circle, increases as the evolution continues
mainly due to the increase of the NS mass (the decrease of the lower panels is only apparent due to the
enlargement of the x-y scales). The x-y positions refer to the center-of-mass reference frame. The last image
in each column corresponds to the instant when the NS reaches the critical mass value. For the initial
conditions of these simulations, the NS ends its evolution at the mass-shedding limit with a maximum
value of the angular momentum J = 6.14× 1049 g cm2 s−1 and a corresponding critical mass of 3.15 M.
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2.4. First 3D Simulations
A great step toward the most recent simulations was achieved in 2016 in [52] where an SPH-like
simulation was implemented in which the SN ejecta was emulated by “point-like” particles. The mass
and number of the particles populating each layer were assigned, for self-consistency, according to the
power-law density profile. The initial velocity of the particles of each layer was set, in agreement with the
chosen power-law density profile, following a radial velocity distribution; i.e., v ∝ r.
The evolution of the SN particles was followed by Newtonian equations of motion in the gravitational
field of the NS companion, also taking into account the orbital motion which was included under the
assumption that the NS performs a circular orbit around the COcore center that acts as the common
center-of-mass, namely assuming that the mass of the pre-SN core is much larger than the NS mass.
The accretion rate onto the NS was computed, as in [53], using the Bondi-Hoyle accretion formula
and, every particle reaching the Bondi-Hoyle surface, was removed from the system. The maximum orbital
period Pmax in which the NS collapses by accretion could be further explored including the dependence on
the mass of the pre-SN COcore, in addition to the dependence on the NS mass.
A detailed study of the hydrodynamics and the neutrino emission in the accretion region on top the
NS surface was performed. Concerning the neutrino emission, several ν and antineutrino (ν¯) production
processes were considered and showed that electron-positron annihilation (e+e− → νν¯) overcomes
by orders of magnitude any other mechanism of neutrino emission in the range of accretion rates
10−8–10−2 M s−1, relevant for XRFs and BdHNe. The neutrino luminosity can reach values of up
to 1052 erg s−1 and the neutrino mean energy of 20 MeV for the above upper value of the accretion
rate. For the reader interested in the neutrino emission, we refer to [93] for a detailed analysis of the
neutrino production in XRFs and BdHNe including flavor oscillations experienced by the neutrinos before
abandoning the system.
Concerning the hydrodynamics, the evolution of the temperature and density of outflows occurring
during the accretion process owing to convective instabilities was estimated. It was there shown the
interesting result that the temperature of this outflow and its evolution can explain the early (i.e., precursors)
X-ray emission that has been observed in some BdHNe and in XRFs, exemplified there analyzing the early
X-ray emission observed in GRB 090618, a BdHN I, and in GRB 060218, a BdHN II (an XRF).
A most important result of these simulations was the possibility of having a first glance of the
morphology acquired by the SN ejecta: the matter density, initially spherically symmetric, becomes highly
asymmetric due to the accretion process and the action of the gravitational field of the NS companion
(see Figure 5).
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Figure 5. Snapshot of the SN ejecta density in the orbital plane of the COcore-NS binary. Numerical
simulation taken from Figure 6 in [52]. The plot corresponds to the instant when the NS reaches the critical
mass and forms the BH (black dot), approximately 250 s from the SN explosion. The νNS is represented
by the white dot. The binary parameters are: the initial mass of the NS companion is 2.0 M; the COcore
leading to an ejecta mass of 7.94 M, and the orbital period is P ≈ 5 min, namely a binary separation
a ≈ 1.5× 1010 cm.
3. The Hypercritical Accretion Process
We now give details of the accretion process within the IGC scenario following [52,53,55,83]. There
are two main physical conditions for which hypercritical (i.e., highly super-Eddington) accretion onto the
NS occurs in XRFs and BdHNe. The first is that the photons are trapped within the inflowing material
and the second is that the shocked atmosphere on top of the NS becomes sufficiently hot (T ∼ 1010 K)
and dense (ρ & 106 g cm−3) to produce a very efficient neutrino-antineutrino (νν¯) cooling emission. In
this way the neutrinos become mainly responsible for releasing the energy gained by accretion, allowing
hypercritical accretion to continue.
3.1. Accretion Rate and NS Evolution
The first numerical simulations of the IGC were performed in [83], including: (1) realistic SN
explosions of the COcore; (2) the hydrodynamics within the accretion region; (3) the simulated evolution of
the SN ejecta up to their accretion onto the NS. Becerra et al. [53] then estimated the amount of angular
momentum carried by the SN ejecta and how much is transferred to the NS companion by accretion. They
showed that the SN ejecta can circularize for a short time and form a disc-like structure surrounding the
NS before being accreted. The evolution of the NS central density and rotation angular velocity (the NS is
spun up by accretion) was computed from full numerical solutions of the axisymmetric Einstein equations.
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The unstable limits of the NS are set by the mass-shedding (or Keplerian) limit and the critical point of
gravitational collapse given by the secular axisymmetric instability, (see, e.g., [53] for details).
The accretion rate of the SN ejecta onto the NS is given by:
M˙B(t) = piρejR2cap
√
v2rel + c
2
s,ej, Rcap(t) =
2GMNS(t)
v2rel + c
2
s,ej
, (1)
where G is the gravitational constant, ρej and cs,ej are the density and sound speed of the ejecta, Rcap and
MNS are the NS gravitational capture radius (Bondi-Hoyle radius) and gravitational mass, and vrel the
ejecta velocity relative to the NS: ~vrel = ~vorb −~vej; |~vorb| =
√
G(Mcore + MNS)/a, and ~vej is the velocity of
the supernova ejecta (see Figure 2).
Numerical simulations of the SN explosions suggest the adopted homologous expansion of the SN,
i.e., vej(r, t) = nr/t, where r is the position of each layer from the SN center and n is the expansion
parameter. The density evolves as
ρej(r, t) = ρ0ej(r/Rstar(t), t0)
Menv(t)
Menv(0)
(
Rstar(0)
Rstar(t)
)3
, (2)
where Menv(t) the mass of the COcore envelope, Rstar(t) is the radius of the outermost layer, and ρ0ej is
the pre-SN COcore density profile; ρej(r, t0) = ρcore(Rcore/r)m, where ρcore, Rcore and m are the profile
parameters obtained from numerical simulations. Typical parameters of the COcore mass are (3.5–9.5) M
corresponding to (15–30) M zero-age-main-sequence (ZAMS) progenitors (see [53,83] for details). The
binary period is limited from below by the request of having no Roche lobe overflow by the COcore before
the SN explosion [83]. For instance, for a COcore of 9.5 M forming a binary system with a 2 M NS, the
minimum orbital period allowed by this condition is Pmin ≈ 5 min. For these typical binary and pre-SN
parameters, Equation (1) gives accretion rates 10−4–10−2M s−1.
We adopt an initially non-rotating NS companion so its exterior spacetime at time t = 0 is described
by the Schwarzschild metric. The SN ejecta approach the NS with specific angular momentum, lacc =
L˙cap/M˙B, circularizing at a radius rcirc ≥ rlco if lacc ≥ llso with rlco the radius of the last circular orbit (LCO).
For a non-rotating NS rlco = 6GMNS/c2 and llco = 2
√
3GMNS/c. For typical parameters, rcirc/rlco ∼
10–103.
The accretion onto the NS proceeds from the radius rin. The NS mass and angular angular momentum
evolve as [53,94]:
M˙NS =
(
∂MNS
∂Mb
)
JNS
M˙b +
(
∂MNS
∂JNS
)
Mb
J˙NS, J˙NS = ξ l(rin)M˙B, (3)
where Mb is the NS baryonic mass, l(rin) is the specific angular momentum of the accreted material at
rin, which corresponds to the angular momentum of the LCO, and ξ ≤ 1 is a parameter that measures the
efficiency of angular momentum transfer. In this picture we have M˙b = M˙B.
For the integration of Equations (1) and (3) we have to supply the values of the two partial derivatives
in Equation (3). They are obtained from the relation of the NS gravitational mass, MNS, with Mb and JNS,
namely from the knowledge of the NS binding energy. For this we use the general relativistic calculations
of rotating NSs presented in [95]. They show that, independent on the nuclear EOS, the following analytical
formula represents the numerical results with sufficient accuracy (error < 2%):
Mb
M
=
MNS
M
+
13
200
(
MNS
M
)2 (
1− 1
137
j1.7NS
)
, (4)
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where jNS ≡ cJNS/(GM2).
In the accretion process, the NS gains angular momentum and therefore spins up. To evaluate the
amount of angular momentum transferred to the NS at any time we include the dependence of the LCO
specific angular momentum as a function of MNS and JNS. For corotating orbits, the following relation is
valid for the NL3, TM1 and GM1 EOS [53,94]:
llco =
GMNS
c
[
2
√
3− 0.37
(
jNS
MNS/M
)0.85]
. (5)
The NS continues the accretion until it reaches an instability limit or up to when all the SN ejecta
overcomes the NS Bondi-Hoyle region. We take into account the two main instability limits for rotating
NSs: the mass-shedding or Keplerian limit and the secular axisymmetric instability limit. The latter defines
critical NS mass. For the aforementioned nuclear EOS, the critical mass can be approximately written
as [95]:
McritNS = M
J=0
NS (1+ kj
p
NS), (6)
where k and p are EOS-dependent parameters (see Table 3). These formulas fit the numerical results with
a maximum error of 0.45%.
Table 3. Critical NS mass in the non-rotating case and constants k and p needed to compute the NS critical
mass in the non-rotating case given by Equation (6). The values are for the NL3, GM1 and TM1 EOS.
EOS M J=0crit (M) p k
NL3 2.81 1.68 0.006
GM1 2.39 1.69 0.011
TM1 2.20 1.61 0.017
Additional details and improvements of the hypercritical accretion process leading to XRFs and
BdHNe were presented in [52]. Specifically:
1. The density profile included finite size/thickness effects and additional COcore progenitors, leading
to different SN ejecta masses being considered.
2. In [53] the maximum orbital period, Pmax, over which the accretion onto NS companion is not
sufficient to bring it to the critical mass, was inferred. Thus, binaries with P > Pmax lead to XRFs
while the ones with P . Pmax lead to BdHNe. Becerra et al. [52] extended the determination of Pmax
for all the possible initial values of the NS mass. They also examined the outcomes for different
values of the angular momentum transfer efficiency parameter.
3. The expected luminosity during the process of hypercritical accretion for a wide range of binary
periods covering both XRFs and BdHNe was estimated.
4. It was shown that the presence of the NS companion originates asymmetries in the SN ejecta
(see, e.g., Figure 6 in [52]). The signatures of such asymmetries in the X-ray emission was there shown
in the specific example of XRF 060218.
3.2. Hydrodynamics in the Accretion Region
The accretion rate onto the NS can be as high as ∼10−2–10−1 M s−1. For such accretion rates:
1. The magnetic pressure is much smaller than the random pressure of the infalling material, therefore
the magnetic-field effects on the accretion process are negligible [81,96].
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2. The photons are trapped within the infalling matter, hence the Eddington limit does
not apply and hypercritical accretion occurs. The trapping radius is defined as [97]:
rtrapping = min{M˙Bκ/(4pic), Rcap}, where κ is the opacity. [83] estimated a Rosseland mean opacity
of ≈5 × 103 cm2 g−1 for the COcores. This, together with our typical accretion rates, lead to
M˙Bκ/(4pic) ∼ 1013–1019 cm. This radius is much bigger than the Bondi-Hoyle radius.
3. The above condition, and the temperature-density values reached on top of the NS surface, lead to
an efficient neutrino cooling which radiates away the gain of gravitational energy of the infalling
material [81,83,96,98,99].
The accretion shock moves outward as the material piles onto the NS. Since the post-shock entropy
is inversely proportional to the shock radius position, the NS atmosphere is unstable with respect to
Rayleigh-Taylor convection at the beginning of the accretion process. Such instabilities might drive
high-velocity outflows from the accreting NS [100,101]. The entropy at the base of the atmosphere is [96]:
Sbubble ≈ 16
(
1.4 M
MNS
)−7/8 (M s−1
M˙B
)1/4 (106 cm
r
)3/8
kB/nucleon, (7)
where kB is the Boltzmann constant. The material expands and cools down adiabatically,
i.e., T3/ρ = constant. In the case of a spherically symmetric expansion, ρ ∝ 1/r3 and
kBTbubble = 195 S−1bubble
(
106 cm/r
)
MeV. In the more likely case that the material expand laterally we
have [101]: ρ ∝ 1/r2, i.e., Tbubble = T0(Sbubble) (r0/r)
2/3, where T0(Sbubble) is obtained from the above
equation at r = r0 ≈ RNS. This implies a bolometric blackbody flux at the source from the rising bubbles:
Fbubble ≈ 2× 1040
(
MNS
1.4 M
)−7/2 ( M˙B
M s−1
)(
RNS
106 cm
)3/2 ( r0
r
)8/3
erg s−1cm−2. (8)
The above thermal emission has been shown [83] to be a plausible explanation of the early X-ray
(precursor) emission observed in some GRBs. The X-ray precursor observed in GRB 090618 [35,82] is
explained adopting an accretion rate of 10−2 M s−1, the bubble temperature drops from 50 keV to 15 keV
while expanding from r ≈ 109 cm to 6× 109 cm (see Figure 6). More recently, the X-ray precursor has been
observed in GRB 180728A and it is well explained by a bubble of ∼7 keV at ∼1010 cm and an accretion
rate of 10−3 M s−1 (see [49] for details).
Universe 2019, 5, 110 18 of 37
Figure 6. (a) Fermi-GBM (NaI 8–440 keV) light-curve of GRB 090618 (adapted from Figure 1 in [35]). (b)
Expanding radius of the thermal blackbody emission observed in the “Episode 1” of GRB 090618 (adapted
from Figure 2 in [35]). The interpretation of such an X-ray precursor as being due to the emission of the
convective bubbles during the process of hypercritical accretion onto the NS was proposed for the first time
in [83].
3.3. Neutrino Emission and Effective Accretion Rate
For the accretion rate conditions characteristic of our models at peak ∼10−4–10−2 M s−1,
pair annihilation dominates the neutrino emission and electron neutrinos remove the bulk of the energy [52].
The e+e− pairs producing the neutrinos are thermalized at the matter temperature. This temperature is
approximately given by:
Tacc ≈
(
3Pshock
4σ/c
)1/4
=
(
7
8
M˙accvaccc
4piR2NSσ
)1/4
, (9)
where Pshock is the pressure of the shock developed on the accretion zone above the NS surface, M˙acc is the
accretion rate, vacc is the velocity of the infalling material, σ is the Stefan-Boltzmann constant and c the
speed of light. It can be checked that, for the accretion rates of interest, the system develops temperatures
and densities T & 1010 K and ρ & 106 g cm−3; respectively (see Figure 7).
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Figure 7. Temperature-density reached by the accreting atmosphere (taken from Figure 16 in [52]).
The contours indicate where the emissivity of the different neutrinos processes becomes quantitatively
equal to each other. We considered the following processes: pair annihilation (ee± ), photo-neutrino emission
(eγ), plasmon decay (epl) and Bremsstralung emission (eBR). The solid red curve spans T − rho values
corresponding to accretion rates from 10−8 to 10−1 M s−1 from the lower to the upper end. For any
accretion rate of interest, the electron-positron pair annihilation dominates the neutrino emission.
Under these conditions of density and temperature the neutrino emissivity of the e+e− annihilation
process can be estimated by the simple formula [102]:
ee−e+ ≈ 8.69× 1030
(
kBT
1 MeV
)9
MeV cm−3 s−1, (10)
where kB is the Boltzmann constant.
The accretion zone is characterized by a temperature gradient with a typical scale height
∆rER = T/∇T ≈ 0.7 RNS. Owing to the aforementioned strong dependence of the neutrino emission
on temperature, most of the neutrinos are emitted from a spherical shell around the NS of thickness
∆rν =
ee−e+
∇ee−e+
=
∆rER
9
≈ 0.08RNS. (11)
Universe 2019, 5, 110 20 of 37
Equations (9) and (10) imply the neutrino emissivity satisfies ee−e+ ∝ M˙9/4acc as we had anticipated.
These conditions lead to the neutrinos to be efficient in balancing the gravitational potential energy gain,
allowing the hypercritical accretion rates. The effective accretion onto the NS can be estimated as:
M˙eff ≈ ∆Mν LνEg , (12)
where ∆Mν, Lν are, respectively, the mass and neutrino luminosity in the emission region, and Eg =
(1/2)GMNS∆Mν/(Rν + ∆rν) is half the gravitational potential energy gained by the material falling from
infinity to the RNS + ∆rν. The neutrino luminosity is
Lν ≈ 4piR2NS∆rνee−e+ , (13)
with ee−e+ being the neutrino emissivity in Equation (10). For MNS = 2 M and temperatures 1–10 MeV,
the Equations (12) and (13) result M˙eff ≈ 10−10–10−1 M s−1 and Lν ≈ 1048–1057 MeV s−1.
Therefore, the neutrino emission can reach luminosities of up to 1057 MeV s−1, mean neutrino
energies 20–30 MeV, and neutrino densities 1031 cm−3. Along their path from the vicinity of the NS
surface outward, such neutrinos experience flavor transformations dictated by the neutrino to electron
density ratio. We have determined in [93] the neutrino and electron on the accretion zone and use them to
compute the neutrino flavor evolution. For normal and inverted neutrino-mass hierarchies and within
the two-flavor formalism (νeνx), we estimated the final electronic and non-electronic neutrino content
after two oscillation processes: (1) neutrino collective effects due to neutrino self-interactions where the
neutrino density dominates and, (2) the Mikheyev-Smirnov-Wolfenstein (MSW) effect, where the electron
density dominates. We find that the final neutrino content is composed by ∼55% (∼62%) of electronic
neutrinos, i.e., νe + ν¯e, for the normal (inverted) neutrino-mass hierarchy (see Figure 8). This is a first step
toward the characterization of a novel source of astrophysical MeV-neutrinos in addition to core-collapse
SNe. We refer the reader to [93] for additional details of the flavor-oscillations as well as the final neutrino
spectra after such a process.
3.4. Accretion Luminosity
The energy release in a time-interval dt, when an amount of mass dMb with angular momentum lM˙b
is accreted, is [52]:
Lacc = (M˙b − M˙NS)c2 = M˙bc2
[
1−
(
∂MNS
∂JNS
)
Mb
l −
(
∂MNS
∂Mb
)
JNS
]
. (14)
This is the amount of gravitational energy gained by the matter by infalling to the NS surface that is
not spent in NS gravitational binding energy. The total energy release in the time interval from t to t + dt,
∆Eacc ≡
∫
Laccdt, (15)
is given by the NS binding energy difference between its initial and final state. The typical luminosity is
Lacc ≈ ∆Eacc/∆tacc, where ∆tacc is the duration of the accretion process.
The value of ∆tacc is approximately given by the flow time of the slowest layers of the SN ejecta to the
NS companion position. If we denote the velocity of these layers by vinner, we have ∆tacc ∼ a/vinner, where
a is the binary separation. For a ∼ 1011 cm and vinner ∼ 108 cm s−1, ∆tacc ∼ 103 s. For shorter separations,
e.g., a ∼ 1010 cm (P ∼ 5 min), ∆tacc ∼ 102 s. For a binary with P = 5 min, the NS accretes ≈1 M in
∆tacc ≈ 100 s. From Equation (4) one obtains that the binding energy difference of a 2 M and a 3 M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NS, is ∆Eacc ≈ 13/200(32 − 22) Mc2 ≈ 0.32 Mc2. This leads to Lacc ≈ 3× 10−3 Mc2 ≈ 0.1 M˙bc2. The
accretion power can be as high as Lacc ∼ 0.1M˙bc2 ∼ 1047–1051 erg s−1 for accretion rates in the range
M˙b ∼ 10−6–10−2 M s−1.
Figure 8. Neutrino flavor evolution in the case of the neutrino-mass inverted hierarchy (taken from Figure
4 in [93]). The electron-neutrino survival probability is shown as a function of the radial distance from the
NS surface. The curves for the electron antineutrino overlap the ones for electron-neutrinos.
4. New 3D SPH Simulations
We have recently presented in [90] new, 3D hydrodynamic simulations of the IGC scenario by adapting
the SPH code developed at Los Alamos, SNSPH [103], which has been tested and applied in a variety of
astrophysical situations [104–107].
The time t = 0 of the simulation is set as the time at which the SN shock breaks out the COcore external
radius. We calculate the accretion rate both onto the NS companion and onto the νNS (via fallback), and
calculate the evolution of other binary parameters such as the orbital separation, eccentricity, etc. Figure 9
shows an example of simulation for a binary system composed of a COcore of mass ≈6.85 M, the end
stage of a ZAMS progenitor star of Mzams = 25 M, and a 2 M NS companion. The initial orbital period
is ≈5 min.
The accretion rate onto both stars was estimated from the flux of SPH particles falling, per unit time,
into the Bondi-Hoyle accretion region of the NS (see Figure 10). It is confirmed that the accretion onto
the NS companion occurs from a disk-like structure formed by the particles that circularize before being
accreted; see vortexes in the upper panel of Figure 9 and the disk structure is clearly seen in the lower
panel.
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Figure 9. Snapshots of the 3D SPH simulations of the IGC scenario (taken from Figure 2 in [90]). The initial
binary system is formed by a COcore of mass ≈ 6.85 M, from a ZAMS progenitor star of 25 M, and
a 2 M NS with an initial orbital period of approximately 5 min. The upper panel shows the mass density
on the equatorial (orbital) plane, at different times of the simulation. The time t = 0 is set in our simulations
at the moment of the SN shock breakout. The lower panel shows the plane orthogonal to the orbital one.
The reference system has been rotated and translated for the x-axis to be along the line joining the νNS and
the NS centers, and its origin is at the NS position.
Several binary parameters were explored thanks to the new code. We performed simulations changing
the COcore mass, the NS companion mass, the orbital period, the SN explosion energy (so the SN kinetic
energy or velocity). We also explored intrinsically asymmetric SN explosion. We checked if the νNS
and/or the NS companion reach the mass-shedding (Keplerian) limit or the secular axisymmetric instability,
i.e., the critical mass. The NS can also become just a more massive, fast rotating, stable NS when the
accretion is moderate. All this was done for various NS nuclear equations of state (NL3, TM1 and GM1).
We followed the orbital evolution up to the instant when most of the ejecta has abandoned the system
to determine if the system remains bound or becomes unbound by the explosion. We thus assessed the
COcore-NS parameters leading to the formation of νNS-NS (from XRFs) or νNS-BH (from BdHNe) binaries.
The first proof that BdHNe remain bound leading to νNS-BH binaries was presented in [55] (see next
section).
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Figure 10. (a) Mass-accretion rate onto the NS companion in the IGC scenario (taken from Figure 9 in [90]).
Different colors correspond to different initial orbital periods: Porb,1 = 4.8 min (red line), Porb,1 = 8.1 min
(blue line), Porb,1 = 11.8 min (orange line). The other parameters that characterize the initial binary system
are the same as in Figure 9. The solid lines correspond to a SN energy of 1.57× 1051 erg, while the dotted
ones correspond to a lower SN energy of 6.5× 1050 erg. It can be seen that the mass-accretion rate scales
with the binary orbital period. (b) Mass-accretion rate on the NS companion for all the COcore progenitors
(see Table 1 and Figure 13 in [90]). The NS companion has an initial mass of 2 M and the orbital period is
close to the minimum period that the system can have in order that there is no Roche-lobe overflow before
the collapse of the COcore: 6.5 min, 4.8 min, 6.0 min and 4.4 min for the Mzams = 15M, 25M, 30M and
40M progenitors, respectively.
5. Consequences on GRB Data Analysis and Interpretation
In a few seconds a BdHN shows different physical processes that lead to a specific sequence of
observables at different times and at different wavelengths. Starting with the at-times-observed X-ray
precursors, to the Gamma-ray prompt emission, to the GeV emission, to the early and late X-ray afterglow
in which, respectively, are observed flares and a distinct power-law luminosity.
5.1. X-ray Precursor
X-ray precursors can comprise the presence of both the SN shock breakout as well as the hypercritical
accretion onto the NS companion until it reaches the critical mass. These processes have been identified
in [49,52,82,83].
The conversion of the SN shockwave kinetic energy (see [108] for details on the SN physics) into
electromagnetic energy imply that about 1050 erg can be emitted.
Once it reached the NS companion, the ejecta induced a hypercritical accretion onto the NS at a rate
∼10−3M s−1 for an assumed orbital separation of few 1010 cm. As we have recalled (see Figure 6 in
Section 3), the accretion process triggers the expansion of thermal convective bubbles on top of the NS
owing to the Rayleigh-Taylor instability [49,52,82,83].
It is of special interest to refer the reader to the results presented in [49] on GRB 180728A, a BdHN II.
It has been identified in the precursor of this GRB, for the first time, the presence of both the emergence of
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the SN shockwave as well as the hypercritical accretion process. From this the binary parameters have
been extracted and further confirmed by the analysis of the prompt and the afterglow emission.
5.2. GRB Prompt Emission
A BdHN I leaves as a remnant a νNS-BH binary surrounded by the asymmetric SN ejecta (see Figure 5
and [52,90]). The asymmetric ejecta includes a “cavity” of ∼1011 cm of very low-density matter around
the newborn BH. The hydrodynamics inside such a low-density cavity have been recently studied by
numerical simulations in [87].
The asymmetric character acquired by the SN ejecta implies that the e+e− plasma, expanding from
the BH site in all directions with equal initial conditions, experiences a different dynamics along different
directions. The reason for this is that the e+e− plasma engulfs different amounts of baryonic mass
(see Figure 11). This leads to observable signatures as a function of the viewing angle.
The newborn Kerr BH, surrounded by ejecta and immersed in a test magnetic field (likely the one
left by the magnetized, collapsed NS), represents what we have called the inner engine of the high-energy
emission [84–87]. The rotating BH, of mass M and angular momentum J, in the presence of the magnetic
field B0, induces an electromagnetic field described by the Wald solution [88].
The induced electric field at the BH horizon r+ = M(1+
√
1− α2) is [84,85]
Er+ ≈
1
2
αB0 = 6.5× 1015 · α
(
B0
Bc
)
V
cm
, (16)
where α = J/M2 is the dimensionless angular momentum of the BH and Bc = m2e c3/(eh¯) ≈ 4.4× 1013 G.
This field acquires values over the critical one, Ec = m2e c3/(eh¯) if the following conditions are verified:
α(B0/Bc) ≥ 2, B0/Bc ≥ 2, (17)
where the second condition comes from the constraint that a rotating BH must satisfy: α ≤ 1. The above
huge value of the electric field (16) guarantees the production of the e+e− pair plasma around the newborn
BH via the quantum electrodynamics (QED) process of vacuum polarization [109].
In the direction pointing from the COcore to the accreting NS outwards and lying on the orbital plane,
the aforementioned cavity represents a region of low baryonic contamination [86,87]. The e+e− plasma
can then self-accelerate to Lorentz factors Γ ∼ 102–103 reaching transparency and impacting on the CBM
filaments as described in [37,110,111]. At transparency, MeV-photons are emitted which are observed in
the ultrarelativistic prompt emission. This picture has been successfully applied and verified on plenty of
GRBs, e.g., GRBs 050904, 080319B, 090227, 090618 and 101023 [35,69,112,113].
5.3. Early X-ray Afterglow: Flares
It was recently addressed in [40] the role of X-ray flares as a powerful tool to differentiate the BdHN
model from the “collapsar-fireball” model [114].
First, it is known that the GRB prompt emission shows Gamma-ray spikes occurring at 1015–1017 cm
from the source and have Lorentz factor Γ ∼ 102–103.
Second, the thermal emission observed in the X-ray flares of the early (rest-frame time t ∼ 102 s)
afterglow of BdHNe, implies occurrence radii ∼1012 cm expanding at mildly-relativistic velocity,
e.g., Γ . 4 [40] (see below). The latter observational fact evidences that the X-ray afterglow is powered
by a mildly-relativistic emitter. These model-independent observations contrast with the assumption
of an ultrarelativistic expansion starting from the GRB prompt emission and extending to the afterglow.
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Such a “traditional” approach to GRBs has been adopted in a vast number of articles over decades as it is
summarized in review articles (see, e.g., [20–25].
In the other directions, the GRB e+e− plasma impacts the SN ejecta at approximately 1010 cm, evolves
carrying a large amount of baryons reaching transparency at radii 1012 cm with a mildly Γ . 4. The
theoretical description and the consequent numerical simulation have been addressed in [40].
Such a mildly-relativistic photospheric emission is experimentally demonstrated by the thermal
radiation observed in the early X-ray afterglow and in the X-ray flares [115,116]. For instance, in the
early hundreds of seconds, GRB 090618 is found to have a velocity of β ∼ 0.8 [117,118], GRB 081008 has
a velocity β ∼ 0.9 [40], and GRB 130427A has a velocity of β ∼ 0.9 as well [91,119,120]. We emphasize
that the mildly-relativistic photo-sphere velocity is derived from the data in a model-independent way,
summarising from [40]:
β5
4[ln(1+ β)− (1− β)β]2
(
1+ β
1− β
)1/2
=
DL(z)
1+ z
1
t2 − t1
(√
Fbb,obs(t2)
σT4obs(t2)
−
√
Fbb,obs(t1)
σT4obs(t1)
)
, (18)
The left-hand side is a function of velocity β, the right-hand side is only from observables, DL(z)
is the luminosity distance and z the cosmological redshift. From the observed thermal flux Fbb,obs and
temperature Tobs in two times t1 and t2, the velocity β is obtained. This model-independent equation has
been derived in a fully relativistic way so it remains valid in the Newtonian non-relativistic regime.
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Figure 11. Cumulative radial mass profiles of the SN ejecta enclosed within a cone of 5◦ of semi-aperture
angle with vertex at the BH position (taken from Figure 35 in [40]). These profiles have been extracted
from the simulations at the time of BH formation. The binary parameters are: the initial mass of the NS
companion is 2.0 M; the COcore leading to an ejecta mass of 7.94 M, and the orbital period is P ≈ 5 min,
namely a binary separation a ≈ 1.5× 1010 cm.
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An additional, and very important prediction of this scenario, is that the injection of energy and
momentum from the GRB plasma into the ejecta transforms the SN into an HN (see [89] for the specific
case of GRB 151027A).
5.4. Late X-ray Afterglow
We have shown in Ruffini et al. [91] that the synchrotron emission by relativistic electrons from
the νNS, injected into the expanding magnetized HN ejecta, together with the νNS pulsar emission that
extracts its rotational energy, power the X-ray afterglow. This includes the early part and the late power-law
behavior. An exceptional by-product of this analysis is that it gives a glimpse on the νNS magnetic field
strength and structure (dipole+quadrupole).
Based on the above model [91], GRB 130427A (a BdHN I) and GRB 180728A (a BdHN II) have been
analyzed in [49]. The explanation of the afterglow data of GRB 130427A led to an initial 1 ms rotation
period for the νNS. For GRB 180728A, a slower spin of 2.5 ms was there obtained. A simple analysis
showed how this result is in agreement with the BdHN I and II nature of these GRBs. First, we recall that
compact binary systems have likely synchronized components with the orbital period. Second, we can
infer the orbital period from the analysis of the X-ray precursor and the prompt emission (see [49] for
the procedure). Then, we can infer the COcore rotation period too. Finally, assuming angular momentum
conservation in the core-collapse SN process, we can estimate the rotation period of the νNS formed at the
SN center. This method led to a binary separation remarkably in agreement with the one inferred from the
precursor and the prompt emission, demonstrating the self-consistency of this scenario [49].
5.5. High-Energy GeV Emission
We turn back again to the already introduced inner engine. The joint action of rotation and magnetic
field induces an electric potential [84,85]
∆φ = −
∫ r+
∞
Edr = Er+r+ = 9.7× 1020 · α
(
B0
Bc
)(
M
M
)
(1+
√
1− α2) V
e
, (19)
capable to accelerate protons to ultrarelativistic velocities and energies up to ep = e∆φ ≈ 1021 eV.
Along the rotation axis, there are no radiation losses and so the inner engine leads to UHECRs. In the
off-polar directions, the protons radiate synchrotron photons, e.g., at GeV and TeV energies.
In [84] it has been estimated that the available electrostatic energy to accelerate protons is
E = 1
2
E2r+r
3
+ ≈ 7.5× 1041 · α2
(
B0
Bc
)2 ( M
M
)3
(1+
√
1− α2)3 erg, (20)
so the number of protons that the inner engine can accelerate is
Np =
E
ep
≈ 4.8× 1032α
(
B0
Bc
)(
M
M
)2
(1+
√
1− α2)2. (21)
The timescale of the first elementary process is dictated by the acceleration time, i.e.,:
∆tel =
∆φ
Er+c
=
r+
c
≈ 4.9× 10−6
(
M
M
)
(1+
√
1− α2) s. (22)
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so the emission power of the inner engine is approximately:
dE
dt
≈ E
∆tel
= 1.5× 1047 · α2
(
B0
Bc
)2 ( M
M
)2
(1+
√
1− α2)2 erg · s−1. (23)
The timescale of the subsequent processes depends crucially on the time required to rebuild the
electric field. It has been shown that this condition implies an essential role of the density profile of the
ionic matter surrounding the BH and its evolution with time [85,86].
For a BH mass of the order of the NS critical mass, say M ∼ 3 M, a BH spin parameter α ∼ 0.3, and
a strength of the magnetic field B0 ∼ 1014 G, the above numbers are in agreement with the observed GeV
emission data. See, for instance, in [85] and [86], respectively, the details of the analysis of GRB 130427A
and GRB 190114C. We refer to [84,85] for details on the synchrotron emission of the accelerated protons in
the above magnetic field.
5.6. Additional Considerations
The strong dependence of Pmax on the initial mass of the NS companion opens the interesting
possibility of producing XRFs and BdHNe from binaries with similar short (e.g., P ∼ few minutes) orbital
periods and COcore properties: while a system with a massive (e.g., &2 M) NS companion would lead
to a BdHN, a system with a lighter (e.g., .1.4 M) NS companion would lead to an XRF. This predicts
systems with a similar initial SN, leading to a similar νNS, but with different GRB prompt and afterglow
emission. Given that the GRB energetics are different, the final SN kinetic energy should also be different
being that it is larger for the BdHNe. This has been clearly shown by specific examples in [49].
There are also additional novel features unveiled by the new 3D SPH simulations which can be
observable in GRB light-curves and spectra, e.g.,:
(1) the hypercritical accretion occurs not only on the NS companion but also on the νNS and with
a comparable rate.
(2) This implies that BdHNe might be also be able to form, in special cases, BH-BH binaries. Since the
system remains bound the binary will quickly merge by emitting gravitational waves. Clearly, no
electromagnetic emission is expected from these mergers. However, the typically large cosmological
distances of BdHNe would make it extremely difficult to detect their gravitational waves e.g., by
LIGO/Virgo.
(3) Relatively weak SN explosions produce a long-lived hypercritical accretion process leading and
enhance, at late times, the accretion onto the νNS. The revival of the accretion process at late times is
a unique feature of our binary and does not occur for single SNe, namely in the absence of the NS
companion. This feature increases the probability of detection of weak SNe by X-ray detectors via the
accretion phase in an XRF/BdHN.
(4) For asymmetric SN explosions the accretion rate shows a quasi-periodic behavior that might be
detected by X-rays instruments, possibly allowing a test of the binary nature and the identification of
the orbital period of the progenitor.
6. Post-Explosion Orbits and Formation of NS-BH Binaries
The SN explosion leaves as a central remnant a νNS and the induced gravitational collapse of the NS
companion leads to BH formation. Therefore, BdHNe potentially leads to νNS-BH binaries, providing the
binary keeps bound. This question was analyzed via numerical simulations in [55].
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Typical binaries become unbound during an SN explosion because of mass loss and the momentum
imparted (kick) to the νNS by the explosion. A classical astrophysical result shows that, assuming the
explosion as instantaneous (sudden mass loss approximation), disruption occurs if half of the binary mass
is lost. For this reason the fraction of massive binaries that can produce double compact-object binaries is
usually found to be very low (e.g., ∼0.001–1%) [54,59,121].
Assuming instantaneous mass loss, the post-explosion semi-major axis is [122]:
a
a0
=
M0 − ∆M
M0 − 2a0∆M/r , (24)
where a0 and a are the initial and final semi-major axes respectively, M0 is the (initial) binary mass, ∆M
is the change of mass (in this case the amount of mass loss), and r is the orbital separation before the
explosion. For circular orbits, the system is unbound if it loses half of its mass. For the very tight BdHNe,
however, additional effects have to be taken into account to determine the fate of the binary.
The shock front in an SN moves at roughly 104 km s−1, but the denser, lower-velocity ejecta, can move
at velocities as low as 102–103 km s−1 [83]. This implies that the SN ejecta overcomes an NS companion in
a time 10–1000 s. For wide binaries this time is a small fraction of the orbital period and the “instantaneous”
mass-loss assumption is perfectly valid. BdHNe have instead orbital periods as short as 100–1000 s, hence
the instantaneous mass-loss approximation breaks down.
We recall the specific examples studied in [55]: close binaries in an initial circular orbit of radius
7× 109 cm, COcore radii of (1–4)× 109 cm with a 2.0 M NS companion. The COcore leaves a central
1.5 M NS, ejecting the rest of the core. The NS leads to a BH with a mass equal to the NS critical mass.
For these parameters it was there obtained that even if 70% of the mass is lost the binary remains bound,
providing the explosion time is of the order of the orbital period (P = 180 s) with semi-major axes of less
than 1011 cm (see Figure 12).
The tight νNS-BH binaries produced by BdHNe will, in due time, merge owing to the emission of
gravitational waves. For the above typical parameters the merger time is of the order of 104 year, or even
less (see Figure 12). We expect little baryonic contamination around such merger site since this region has
been cleaned-up by the BdHN. These conditions lead to a new family of sources which we have called
ultrashort GRBs, U-GRBs.
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Figure 12. (a) Semi-major axis versus explosion time for three different mass ejecta scenarios: 3.5 M (solid),
5.0 M (dotted), 8.0 M (dashed), including mass accretion and momentum effects (taken from Figure 2
in [55]). Including these effects, all systems with explosion times above 0.7 times the orbital time are bound
and the final separations are on par with the initial separations. (b) Merger time due to gravitational wave
emission as a function of explosion time for the same three binaries of the left panel (taken from Figure 3
in [55]). Note that systems with explosion times 0.1–0.6 Torbit have merger times less than roughly 104 y.
For most of our systems, the explosion time is above this limit and we expect most of these systems to
merge quickly.
7. BdHN Formation, Occurrence Rate and Connection with Short GRBs
7.1. An Evolutionary Scenario
The X-ray binary and SN communities have introduced a new evolutionary scenario for the formation
of compact-object binaries (NS-NS or NS-BH). After the collapse of the primary star forming a NS, the
binary undergoes mass-transfer episodes finally leading to the ejection of both the hydrogen and helium
shells of the secondary star. These processes lead naturally to a binary composed of a COcore and an NS
companion (see Figure 1). In the X-ray binary and SN communities these systems are called “ultra-stripped”
binaries [123]. These systems are expected to comprise 0.1–1% of the total SNe [124].
The existence of ultra-stripped binaries supports our scenario from the stellar evolution side. In the
above studies most of the binaries have orbital periods in the range 3× 103–3× 105 s which are longer
with respect to the short periods expected in the BdHN scenario. Clearly, XRF and BdHN progenitors
should be only a small subset that result from the binaries with initial orbital separation and component
masses leading to COcore-NS binaries with short orbital periods, e.g., 100–1000 s for the occurrence of
BdHNe. This requires fine-tuning both of the COcore mass and the binary orbit. From an astrophysical
point of view the IGC scenario is characterized by the BH formation induced by the hypercritical accretion
onto the NS companion and the associated GRB emission. Indeed, GRBs are a rare phenomenon and the
number of systems approaching the conditions for their occurrence must be low (see [55] for details).
7.2. Occurrence Rate
If we assume that XRFs and BdHNe can be final stages of ultra-stripped binaries, then the percentage
of the ultra-stripped population leading to these long GRBs must be very small. The observed occurrence
rate of XRFs and BdHNe has been estimated to be ∼100 Gpc−3 yr−1 and ∼1 Gpc−3 yr−1, respectively [45],
namely the 0.5% and 0.005% of the Ibc SNe rate, 2× 104 Gpc−3 yr−1 [125]. It has been estimated
that (0.1–1%) of the SN Ibc could originate from ultra-stripped binaries [124], which would lead to
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an approximate density rate of (20–200) Gpc−3 yr−1. This would imply that a small fraction (.5%) of the
ultra-stripped population would be needed to explain the BdHNe while, roughly speaking, almost the
whole population would be needed to explain the XRFs (see Table 1). These numbers, while waiting for
a confirmation by further population synthesis analyses, would suggest that most SNe originated from
ultra-stripped binaries should be accompanied by an XRF. It is interesting that the above estimates are
consistent with traditional estimates that only∼0.001–1% of massive binaries lead to double compact-object
binaries [54,59,121].
7.3. Connection with Short GRBs
It is then clear that XRFs and BdHNe lead to νNS-NS and νNS-BH binaries. In due time, the emission
of gravitational waves shrink their orbit leading to mergers potentially detectable as short GRBs. This
implies a connection between the rate of long and short GRBs. It is clear from the derived rates (see Table 1
and [45,47]) that the short GRB population is dominated by the low-luminosity class of short Gamma-ray
flashes (S-GRFs), double NS mergers that do not lead to BH formation. It can be seen that it is sufficient
.4% of XRFs to explain the S-GRFs population, which would be consistent with the fact that many XRF
progenitor binaries will get disrupted by the SN explosion. Therefore, by now, the observed rates of the
GRB subclasses are consistent with the interesting possibility of a connection between the progenitors of
the long and the ones of the short GRBs.
8. Conclusions
It is by now clear that short and long Gamma-ray bursts subclassify into eight different families and
have as progenitors binary systems of a variety of flavors (see Table 1). We have focused in this work on
the specific class of BdHNe of two types: type I and type II BdHNe, what in our old classification [45] we
called BdHNe and XRFs, respectively.
We have devoted this article mostly to the theoretical aspects of the induced gravitational collapse
scenario and its evolution into BdHN as a complete model of long GRBs. We have also discussed, although
briefly, the observable features of the model and how they compare with the observational data, providing
to the reader the appropriate references for deepening this important aspect.
BdHNe I and II have as a common progenitor a COcore-NS binary. The COcore explodes as type Ic SN,
forming at its center a new NS, which we denote νNS, and produces onto the NS companion a hypercritical
accretion process accompanied by an intense neutrino emission. The intensity of the accretion process and
the neutrino emission depends mainly on the binary period, being more intense for tighter binaries. The
NS companion in such an accretion process can reach or not the critical mass for gravitational collapse, i.e.,
to form a BH. The former binaries leading to a BH by accretion are the BdHNe I, while the ones in which
the NS companion becomes just a more massive NS, are the BdHNe II (the old XRFs) (see Table 1).
We have reviewed the results of the numerical simulations performed of the above physical process
starting from the 1D ones all the way to the latest 3D SPH ones. The simulation of this binary process has
opened our eyes to a new reality: long GRBS are much richer and more complex systems than every one
of us thought before, with the 3D morphology of the SN ejecta, that becomes asymmetric by the accretion
process, playing a fundamental role in the GRB analysis.
We have recalled the relevance of each of the following processes in a BdHN:
(1) the SN explosion;
(2) the hypercritical accretion onto the NS companion;
(3) the NS collapse with consequent BH formation;
(4) the initiation of the inner engine;
(5) the e+e− plasma production;
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(6) the e+e− plasma feedback onto the SN which converts the SN into a HN;
(7) the formation of the cavity around the newborn BH;
(8) the transparency of the e+e− plasma along different directions;
(9) the HN emission powered by the νNS;
(10) the action of the inner engine in accelerating protons leading to UHECRs and to the
high-energy emission.
The aforementioned involved physical processes in a BdHN have specific signatures observable (and
indeed observed) in the long GRB multiwavelength lightcurves and spectra. We have recalled for each
process its energetics, spectrum, and associated Lorentz factor: from the mildly-relativistic X-ray precursor,
to the ultrarelativistic prompt Gamma-ray emission, to the mildly-relativistic X-ray flares of the early
afterglow, to the mildly-relativistic late afterglow and to the high-energy GeV emission.
All of the above is clearly in contrast with a simple GRB model attempting to explain the entire GRB
process with the kinetic energy of an ultrarelativistic jet extending through all of the above GRB phases, as
in the traditional collapsar-fireball model.
If the binaries keep bound during the explosion, BdHNe I lead to νNS-BH binaries and BdHNe II
lead to νNS-NS binaries. In due time, via gravitational wave emission, such binaries merge producing
short GRBs. This unveiled clear interconnection between long and short GRBs and their occurrence rates
needs to be accounted for in the cosmological evolution of binaries within population synthesis models for
the formation of compact-object binaries.
We have taken the opportunity to include a brief summary of very recent developments published
during the peer-review process of this article. These results cover the explanation of the observed GeV
emission in BdHNe [84–87]. One of the most relevant aspects of this topic is that it requests the solution of
one of the fundamental problems in relativistic astrophysics: how to extract the rotational energy from a BH.
This implies the role of a magnetic field around the newborn BH and the presence of surrounding matter
as predicted in a BdHN. We have called this part of the system the inner engine of the high-energy emission.
The BH rotation and surrounding magnetic field, for appropriate values induces an electric field via the
Wald’s mechanism [88]. Such an electric field is of paramount importance in accelerating surrounding
protons to ultrarelativistic velocities leading to the high-energy emission via proton-synchrotron radiation.
The details of this exciting new topic are beyond the scope of the present article but we encourage the
reader to go through the above references for complementary details.
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